ventricular dysfunction or, more often, exacerbation of chronic heart failure (CHF) symptoms. 2 ADHF is a heterogenous syndrome with a complex pathophysiology and increased morbidity and mortality worldwide. Furthermore, this condition is frequently complicated with worsening of renal function, which has been associated with further increase in rehospitalization and mortality rates. 3−5 The majority of patients admitted in hospital with ADHF have dyspnoea and signs of fluid overload. Their treatment is focused on reversing pulmonary and/or peripheral congestion, identifying and treating potential precipitating causes, and optimizing the therapeutic approach. 6 In the ADHERE (Acute Decompensated Heart Failure National Registry) population, most patients admitted in hospital had signs and symptoms of congestion; 89% presented with dyspnoea, 68% presented with rales, and 66% with peripheral edema. 7 Because these volume overload states are described as 'congestive heart failure', heart function has been given more attention than kidney function. Nowadays, it is well accepted that the interaction between the heart and the kidney plays a crucial role in the progression of HF. Nevertheless, the adverse prognostic value of renal dysfunction on the duration of hospitalization and outcomes in HF population is frequently underestimated. 8, 9 Most epidemiological information of renal dysfunction in the HF population comes from large registries, since most outpatient CHF clinical trials did not include patients with significant chronic kidney disease. ADHERE database showed that 31% of the enrolled patients suffered from chronic renal insufficiency, 5% were receiving dialysis, and 20% had a serum creatinine level ≥2 mg/dl. It is also important that as renal function worsened in the ADHERE population, prognosis deteriorated. 10 In addition, in the SOLVD (Studies of Left Ventricular Dysfunction) trial, patients with a glomerular filtration rate (GFR) less than 60 ml/min/1.73 m 2 had a 40% higher mortality risk. 11 The cross-talk between kidneys and heart is important to control blood pressure, regulate renal sodium and water excretion, and provide sufficient arterial perfusion and oxygenation of tissues. An acute or chronic disorder in one organ may induce an acute or chronic dysfunction in the other organ and vice versa. 12 In the HF population, kidney dysfunction is an often comorbidity with multifactorial origin, which may play a key role in the cascade involving salt and fluid retention and subsequent decompensation. It is important to understand the interaction between these two organs, so as to tailor therapy for these patients. 10, 12 
Pathophysiology of renal insufficiency and volume overload in ADHF
Optimal volume management in ADHF patients requires a deep knowledge of the underlying pathophysiological mechanisms that lead to worsening of renal function (WRF), as well as salt and water retention despite hypervolaemia. Although the main topic of this review is to present the therapeutic options for ADHF with volume overload, we make a brief reference to the pathophysiology of WRF and fluid overload, so as to provide a more comprehensive approach to the therapeutic strategies. Figure 1 summarizes the underlying pathophysiological mechanisms of volume overload in congestive heart failure.
Worsening renal function
WRF is defined as an absolute increase in serum creatinine levels ≥0.3 mg/dl during hospitalization and by ≥25% increase relative to baseline. It complicates about one-third of HF admissions and it has been associated with increased duration of hospitalization, increased readmission rate, and increased short-and long-term mortality. 13 WRF pathophysiology is multifactorial. In many cases, decreased renal perfusion causes deterioration of renal function. This may be caused by hypovolaemia (decreased preload), neurohormonally mediated excessive vasoconstriction (increased after-load), and hypotension with lowoutput syndrome (severe pump failure, cardiogenic shock). It can also be provoked by diuretic resistance and nephrotoxicity induced by certain classes of coadministered drugs, e.g. nonsteroidal anti-inflammatory drugs (NSAIDs), cyclosporine, angiotensin-converting enzyme inhibitors (ACE inhibitors), angiotensin II receptor I blockers (ARBs), and contrast agents. 10 Venous congestion is another precipitating factor; for the patient with HF and fluid overload, the combination of high central venous pressure with low systemic pressure may lead to a severe compromise of the net renal perfusion pressure and, thus, result in significant deterioration of the renal blood flow and urine output. 14 Mullens et al. showed that venous congestion is the most important haemodynamic factor enhancing WRF in ADHF patients. 15 In daily clinical practice, it is of great importance to distinguish between real congestion and hypovolaemia, since there is a very narrow window of optimal hydration for these patients. Overhydration or inappropriate dehydration might prove devastating for heart and kidney function, respectively. The careful clinical evaluation of the patient, the echocardiogram, and the use of Swan-Ganz catheter can guide the physician to take the best therapeutic decisions for the patient.
Salt and water retention
Maintenance of total body salt and fluid within normal range is under the control of the atrial−renal reflexes, the renin−angiotensin−aldosterone system (RAAS), and the sympathetic nervous system (SNS). 12, 16, 17 In a normal heart, any increase in left atrial pressure suppresses the release of the antidiuretic hormone, decreases the tone of the SNS in the kidneys, and, finally, it enhances the release of the atrial natriuretic peptide. The latter promotes sodium and water excretion at the distal nephron, improves GFR, causes vasodilatation, decreases the release of the antidiuretic hormone, and activates both the SNS and the RAAS. In CHF, the former actions are blunted due to renal vasoconstriction, reduced sensitivity of its receptors, and reduced sodium delivery to the distal nephron. Therefore sodium and water retention occur despite elevated atrial pressures. 12, 18 Under normal circumstances, activation of the RAAS by low renal perfusion pressure or low blood flow works as a defence mechanism that protects vital organs from underperfusion. In HF states, this response can be devastating; retention of salt and water due to the haemodynamic and reabsorptive actions of angiotensin causes further congestion. Therefore the RAAS has a central role in the initiation and maintenance of edema in HF. 19 More specifically, renin release from the kidneys leads to stimulation of angiotensin II, which in turn activates receptors on the proximal tubule and causes constriction of the glomerular efferent arterioles, leading to increased sodium reabsorption. Besides its direct tubular and vascular effects in the kidney, angiotensin II stimulates central neural centres associated with increased thirst, causes systemic vasoconstriction, stimulates the SNS, promotes aldosterone secretion, 20 and activates NADPH oxidase, which results in the formation of reactive oxygen species. 21 The increased oxidative stress enhances negative inotropic effects and induces cardiac remodelling. Therefore, a vicious cycle sets in promoting structural and functional damage to both kidneys and heart. 22 Aldosterone release, in turn, causes continuous renal sodium reabsorption and increases the myocardial fibrosis of the failing heart. 23 The SNS contributes to a long-term regulation of the intravascular volume and blood pressure. In CHF, it is initially activated by the reflex to provide inotropic support and preserve cardiac output. But excessive SNS activity, caused partially by the attenuated receptor sensitivity met in CHF, can increase cardiomyocyte apoptosis and focal myocardial necrosis, while the direct actions of catecholamines can lead to myocardial hypertrophy. 24 Moreover, the aggressive use of diuretics may cause further neurohormonal activation and provoke systemic and renal vasoconstriction, leading to additional WRF. The consequent decline in blood flow and filtration contribute actively to the appearance of diuretic resistance. 13 The antidiuretic hormone is released in response to arterial underfilling and increased osmolality. It has detrimental effects on cardiorenal performance by fluid retention, enhancement of angiotensin II and noradrenaline actions, and stimulation of myocardial hypertrophy. 25 Adenosine and the related tubuloglomerular feedback is a newly identified contributing factor. Adenosine binds to A1-receptors on the afferent arterioles, induces vasoconstriction, and consequently decreases renal blood flow and GFR. Activation of these receptors promotes sodium reabsorption in the tubules, leading to further water and sodium retention. Treatment with diuretics in ADHF acutely delivers sodium to the distal tubules, which in turn stimulates further adenosine release and further reduction in GFR. 26 
Treatment of patients with ADHF and volume overload
Trying to manage ADHF patients with volume overload is challenging due to the complex underlying pathophysiology of the disease, the unique medical history, coexisting risk factors and comorbidities of each patient, the effort to avoid renal impairment, electrolyte abnormalities, and hypotension, and, finally, the frequent development of resistance to many standard therapies such as diuretics and vasodilators. That leads to a growing concern about developing novel treatment options. Unfortunately, we have no evidence from clinical HF trials on which to base our therapeutic decisions for patients with significant renal dysfunction, since most studies predominantly enrolled patients with relatively preserved renal function. 27 Another point to highlight is that treating ADHF patients with volume overload often involves taking therapeutic decisions that are mutually contradictory. The aggressive use of diuretics and volume depletion in order to treat congestion and volume overload directly deteriorates renal function. On the other hand, replacing intravascular volume and salt in order to preserve renal function leads directly to further cardiac congestion. Not surprisingly, many patients are discharged either still volume-loaded or deteriorated in terms of renal function. 14 In ADHERE, 21% of patients admitted for ADHF were discharged without weight loss or even with a gain in body weight, which led to a high readmission rate for these patients. 9, 28 Treatment of patients with ADHF and symptomatic congestion aims at the rapid removal of fluid and symptomatic relief. Despite the arising difficulties, it is important to individualize the treatment according to the patient's clinical characteristics, volume and haemodynamic status, and severity of the underlying disease, as well as to decide on the duration of each therapeutic choice. The goal of the therapeutic efforts is to stabilize the patient haemodynamically without further myocyte damage, arrythmias, hypotension, electrolyte abnormalities, or WRF. 12 perfusion status (warm or cold) and volume load (wet or dry). Patients who are 'warm' and 'wet' (almost 70% of those with ADHF) are candidates for combined early diuretic and vasodilator therapy. 29, 30 Figure 2 summarizes some practical recommendations for the management of volume overload in ADHF patients. Table 1 summarizes the current and possible future treatment options for ADHF patients, which are discussed further below.
Established therapeutic strategies
Diuretics. The pharmacological armamentarium for managing symptomatic volume overload (including loop diuretics, nitrates, morphine, and oxygen) has slightly changed during the last three decades. Loop diuretics are undoubtedly an essential component of current treatment for the acute symptomatic relief of patients with ADHF, despite the growing recognition of their limitations. 9, 12 Intravenous (i.v.) administration of loop diuretics is recommended as a first-line treatment option, because they rapidly decrease the ventricular filling pressure, reduce pulmonary congestion, and relieve from dyspnoea. 31, 32 Despite decades of clinical experience with these agents, prospective data to guide the use of loop diuretics are sparse and current guidelines are based primarily on experts' opinion. Such trials are difficult to perform because diuretics are supposed to be absolutely necessary in patients with acute decompensation. 33 The great extent of the use of diuretics is illustrated by data from the ADHFNR (Acute Decompensated Heart Failure National Registry), which revealed that almost 81% of patients included in the registry were on chronic diuretic therapy at the time of admission, while 88% were treated acutely with an i.v. diuretic during their admission for decompensation. 34 Despite the acute symptomatic relief that diuretics provide, they are not free from adverse events, especially when used in high doses (>80 mg of i.v. furosemide). 35 They activate the neurohormonal system and indirectly deteriorate the function of the left ventricle, cause significant electrolyte abnormalities (e.g. hypokalaemia), potential arrythmias, and ototoxicity (when administered in high i.v. doses), and increase systemic vascular resistance, plasma renin and aldosterone activity, and plasma levels of neurohormones. Through the above mechanisms, they result in deterioration of renal function and increase of the mortality risk. 36, 37 A challenging clinical problem while treating patients with ADHF and impaired renal performance is resistance to diuretics, which is also an indicator of poor prognosis. It is described as a clinical entity in which the diuretic response is reduced or lost before the therapeutic goal has been achieved. It is attributed to many different precipitating factors, such as decreased intestinal absorption of oral diuretics due to mucosal edema, impaired renal perfusion, decreased diuretic excretion into the urine (due to hypertrophy of distal tubular epithelial cells), inadequate drug dosing, excess salt intake, and finally the concomitant use of NSAIDs. 28, 38, 39 This effect could be overdriven with a continuous infusion of furosemide, rather than bolus doses. Another approach is to use simultaneously a second diuretic agent (e.g. an i.v. thiazide diuretic), so as to cause sequential nephron blockade of sodium reabsorption. However, combination therapy requires close monitoring, as it may lead to excessive sodium and potassium loss. 29 A Cochrane review examined eight trials comparing continuous infusion of a loop diuretic with bolus injections in 254 CHF patients. The urine output was significantly greater in patients who were given continuous infusion and the duration of hospitalization was significantly shortened. 35 On the other hand, The Diuretic Optimization Strategies Evaluation (DOSE) trial was designed to evaluate the safety and efficacy of i.v. furosemide at 'low' and 'high' doses and in a continuous infusion vs. a bolus one every 12 hours in 308 patients with ADHF (156 patients were assigned to intermittent dosing, 74 of which received low-dose furosemide and 82 received high dose, while 152 patients were assigned to continuous dosing, 77 of which received low dose and 75 high dose). The results of this trial showed that there was no significant difference in symptom relief or change in renal function at 72 hours in the four groups, but patients in the high-dose group had significant improvements in terms of weight loss, HF biomarkers, and dyspnoea. 40 Several studies on ADHF have demonstrated that aggressive diuretic therapy could promote diuretic-induced hypovolaemia, exaggerating any pre-existing renal insufficiency and increasing mortality. 41 On the other hand, Testani et al. showed that aggressive decongestion, even in the face of worsened renal outcomes, may positively impact post-discharge survival. Future research is necessary to replicate these results and change current strategies. 42 Mineralcorticoid antagonists. Low and high-output HF are both hyperaldosteronism states. Aldosterone increases sodium reabsorption in the collecting duct and promotes reactive perivascular and interstitial myocardial fibrosis. Thus, it might be effective to combine natriuretic doses of antagonists of the mineralcorticoid receptors (>25 mg daily of spironolactone) with loop diuretics. This combination may prevent or attenuate diuretic refractoriness and reverse the aldosterone-mediated sodium retention and fibrosis. 43 The Randomized Aldactone Evaluation Study (RALES) added spironolactone to an ACE inhibitor and showed decreased mortality in HF patients with complete suppression of aldosterone secretion. 44 A recent subanalysis of Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS), showed that the early administration (3−7 days) of 25−50 mg/daily of eplerenone in post-myocardial patients with left ventricular ejection fraction <40% improved outcomes and did not significantly increase the risk of hyperkalaemia. 45 The onset of action of spironolactone is slower than loop diuretics and its peak effect is at 48 hours. Therefore, in acute states the diuretic of choice is a loop diuretic. 12 However, these agents have not been systematically studied in patients with acute heart failure (AHF) syndromes.
ACE inhibitors and ARBs. Inhibitors of the RAAS (ACE inhibitors and ARBs) are the cornerstone in the treatment of patients with systolic dysfunction of the left ventricle. 4 Although they do not have a direct effect on fluid and salt excretion in congestive states and they do not belong to the first-line treatment during acute decompensation, they have been clearly shown to improve survival and long-term outcomes in patients with HF. This emphasizes the importance of instituting or optimizing disease-modifying therapy as soon as possible. Nevertheless, in ADHF these drugs should be used cautiously whenever there is an underlying renal disease, because they might be associated with increases in serum creatinine levels. 46−48 In order to reduce the possibility of renal deterioration, patients should be started on the lowest dose of an ACE inhibitor, when the patient is considered not to be dehydrated (due to the previous diuresis) and concomitant use of NSAIDs should be avoided. 27, 49 In addition, up titration of dosage should be done very gradually and carefully. It is important to remember that, when these agents are administered, their effect on the haemodynamic status and renal function requires close monitoring. 29 An effective approach is to continue these agents during decompensation, unless renal dysfunction is steadily impaired and severe hyperkalaemia develops. However, an expert physician should evaluate extreme clinical conditions, such as cardiogenic shock or acute renal failure.
Low-dose dopamine. On daily clinical practice low renalprotective doses of dopamine are often used in combination with i.v. diuretics in an effort to improve diuresis and natriuresis. Nevertheless, available data do not clearly support favourable effects on renal function. Dopamine is an endogenous catecholamine that acts on a variety of receptors (renal, splanchnic, cardiac, vascular) according to the dose infused. When infused at low doses (≤3 µg/kg/min), it selectively stimulates receptors in the renal and splanchnic vasculature, improving blood flow in these tissues. In addition, it attenuates the effects of norepinephrine and aldosterone. 50 In a prospective, double-blind, randomized, controlled study by Lauschke et al., 51 40 patients, 10 without and 30 with acute renal failure, were given i.v. dopamine (2 µg/kg/min) or placebo in alternating sequence for four subsequent periods of 60 min and renal resistance indices were determined by Doppler ultrasound. The study showed that low-dose dopamine can worsen renal perfusion in patients with acute renal failure, which adds to the trend to abandon the routine use of low-dose dopamine in critically ill patients. 51 This can be explained by the fact that its beneficial effects on renal blood flow and tubular natriuresis are blunted in patients presenting with acute renal failure and oliguria. 52 On the other hand, Giamouzis et al. (DAD-HF clinical trial) 53 compared the effects of low-dose dopamine (5 µg/ kg/min) plus low-dose furosemide (5 mg/h) vs. high-dose furosemide (20 mg/h) alone on kidney function and subjective perception of dyspnoea in 60 ADHF patients. There were no differences in urine output or in dyspnoea score, but those patients who received dopamine plus low-dose furosemide were associated with improved renal function profile and potassium homeostasis at 24 hours. 53 Moreover, Aziz et al. showed that continuous infusion of furosemide in addition to low-dose dopamine in patients with ADHF is less nephrotoxic and carries a lower readmission rate at 30 days. 52 Although dopamine seems to have been forgotten for a long time, it now emerges again among our therapeutic choices for ADHF in combination with furosemide infusion, since its positive effects seem to be preserved in patients without compromised renal function.
Inotropes. Traditional positive inotropic drugs include beta-adrenergic agonists (e.g. dobutamine) and phosphodiesterase inhibitors (e.g. milirinone). Their stimulation leads to increased levels of cyclic adenosine monophosphate (cAMP), resulting in increased levels of calcium ions within the cardiac myocyte and increased cardiac contractility. They are indicated in patients with ADHF and peripheral hypoperfusion (hypotension, deterioration of renal function, cutaneous signs of poor peripheral perfusion) or refractoriness to diuretics and vasodilators. Inotropes should be restricted only to circulatory collapse states, for short term and under close monitoring, as they are susceptible to malignant arrhythmogenesis and loss of myocardial cells by ischaemia or apoptosis. The latter is attributed to the increased myocardial oxygen demand in a period of myocardial energy depletion. It has been shown that in both acute and chronic HF, inotropic agents, compared with placebo and vasodilators, have been related to an increased risk of death. Until new clinical studies provide more data, inotropes should be reserved for those patients with marked haemodynamic compromise, cardiogenic shock, or evidence of end-organ hypoperfusion. 54−56 Levosimendan is a promising new inotropic agent that belongs to the novel class of 'calcium sensitizers'. It exerts its influence on the cardiovascular system by two mechanisms of action. It binds to cardiac troponine C, stabilizing the conformational alteration of troponin C through binding to calcium, therefore improving cross-bridging and contractility. It also stimulates peripheral vasodilation through activation of adenosine triphosphate (ATP)-sensitive potassium channels of vascular smooth muscle cells. As it has a neutral effect on cAMP levels, it seems to be superior to classical positive inotropes in improving central haemodynamic parameters and symptoms of congestion in patients hospitalized with low cardiac output syndrome. 57 Zager et al. showed in an experimental study that in critical situations such as sepsis or AHF, levosimendan protects against ischaemic acute renal failure due to severe renal vasoconstriction. 58 In addition, there is clinical evidence that it improves renal function in patients with ADHF in comparison to placebo or dobutamine, by improving more effectively cardiac output and therefore renal perfusion. 59 Finally, the results obtained in clinical trials (LIDO, RUSSLAN, and CASINO) suggest that levosimendan is more effective compared to dobutamine in ADHF and has lower mortality rates compared to dobutamine or placebo. 60−62 Despite the contradictory results of REVIVE II and SURVIVE studies (maybe due to different study designs), levosimendan is suggested as an excellent therapeutic option when inotropic treatment is considered necessary, especially in patients without hypotension and relative depletion of intravascular volume. 63 Digoxin is an inotropic agent that increases the myocardium's contractility through inhibition of the Na + -K + -ATPase and subsequent increase of the intracellular calcium ions. It also provokes bradycardia through stimulation of the parasympathetic nervous system. It appears to be beneficial in patients with a high heart rate, atrial fibrillation, and enlarged ventricles with systolic dysfunction. The DIG trial demonstrated that digoxin does not reduce overall mortality but it appears to reduce the hospitalization rate both overall and for worsening HF. However, the role of digoxin in the management of AHF based on the results of the DIG trial remains equivocal. 64 Vasodilators and natriuretic peptide. Vasodilators such as i.v. nitroglycerin are recommended for the first-line treatment of ADHF associated with elevated systemic blood pressure at presentation. They have been shown to be much less harmful to kidney function, especially when used at low doses that do not cause hypotension and hypoperfusion. Vasoconstriction plays a central role in the pathogenesis of ADHF. Vasodilators can rapidly reduce ventricular filling pressures and central venous pressures and reduce myocardial oxygen consumption. I.v. nitroglycerine is a vasodilator used to alleviate pulmonary congestion and dyspnoea in patients with ADHF. Frequent dose titration according to systemic blood pressure is necessary to achieve the desired haemodynamic effects and symptomatic relief. 13 The use of continuous i.v. administration of nitrates is associated with tolerance, up titration against blood pressure is required in order to maintain efficacy. 65 The reduction in venous pressure may be beneficial in decreasing transrenal perfusion pressure. However, their use is still based on limited evidence and experts' opinion rather than large-scale clinical trials. 13 B-type natriuretic peptide (BNP) is formed in the ventricular myocardium in response to overload and wall stress. BNP causes dilation of both arteries and veins, enhances sodium renal excretion, and suppresses the RAAS. Nesiritide, a recombinant human B-type atrial natriuretic peptide, is an effective vasodilator with a mild diuretic action. It is the only vasodilator recently approved in the USA for the treatment of AHF. 66 Its administration results in venous, arterial, and coronary vasodilatation and reduction of the cardiac pre-load and after-load, which consequently increases cardiac output without direct inotropic effects. These haemodynamic effects are followed by natriuresis and diuresis, which are attenuated in severe HF. Nevetheless, creatinine clearance was not improved by nesiritide, even in patients who showed satisfactory natriuresis and diuresis. 67, 68 The Vasodilatation in the Management of Acute Congestive Heart Failure (VMAC) trial, which assessed the impact of early nesiritide infusion on dyspnoea and pulmonary congestion in patients with ADHF, confirmed the favourable effects of neseritide. A total of 489 patients with impaired renal function were given either nesiritide or nitroglycerin. At 24 hours, 83% of the patients with renal insufficiency and 91% of patients without renal insufficiency who were treated with neseritide, were improved in terms of dyspnoea. Nesiritide might induce symptom relief in HF patients with renal dysfunction but has no effect on kidney function itself. 69 A substudy of the Follow-Up Serial Infusions of Nesiritide trial (FUSION I), showed that in HF population who were at high risk for cardiorenal syndrome, infusion of nesiritide at two doses (0.005 or 0.01 µg/kg/ min) was well tolerated without deterioration of kidney function. 70 The serial infusion of nesiritide (FUSION II) trial was designed to examine the intermittent infusion of nesiritide in patients with severe HF. Infusions were given either once or twice weekly over 12 weeks. It was shown that there was not a significant effect on outcome or quality of life, but there was an effect on the kidney; an increasing serum creatinine level of more than 0.5 mg/dl was favourably affected by nesiritide. 71 Although first data show that low doses of nesiritide are potentially renal protective, additional information on its efficacy and safety are needed before it becomes an established therapy. The Acute Study of Clinical Effectiveness of Neseritide in Subjects with Decompensated Heart Failure (ASCEND-HF) study has recently shown no superior effect of neseritide vs. placebo on either symptoms or survival. 72 
Novel therapeutic strategies Mechanical methods
Mechanical fluid removal/ultrafiltration. Ultrafiltration is a very promising treatment option for patients with ADHF and volume overload refractory to diuretics. The term 'ultrafiltration' was first introduced in 1907 by the German physician H Bechhold. Ultrafiltration is the mechanical removal of fluid and small-molecular-weight compounds from the vasculature. Hydrostatic pressure is applied to blood across a semi-permeable membrane to separate isotonic plasma water from blood. Serum concentration of electrolytes and other solutes is not affected, which permits large amounts of fluid to be removed at the discretion of the treating physician. The equipment consists of a circuit with blood leaving the patient, a filter composed of small porous tubes which allow water and small molecules to exit, and filtered blood returning to the patient. A pump directs blood through the filter and a second one exerts negative pressure on the filter to remove ultrafiltrate. Ultrafiltration requiring central venous access is more frequently used, especially if the patient is extremely edematous. Criteria for the initiation of mechanical fluid removal are pulmonary edema with significant renal dysfunction (creatinine clearance <30 ml/min), marked volume overload in patients with ADHF, including significant dysfunction of the right ventricle, and refractoriness to i.v. diuretics. 73 Ultrafiltration slightly influences the patients' haemodynamic status. The usual volume of water removed per ultrafiltration session is 3−4 lt. The reduction in water is accompanied by decreases in right atrial pressure and wedge pressure. Cardiac output and stroke volume do not change or rise slightly. Compared to diuretic-based therapy, ultrafiltration is more efficient in removing sodium, while the neurohormonal activation is less for the same degree of volume reduction. Moreover, the fluid removal volumes and rates are adjustable and weight loss is sustained relatively to furosemide treatment. Loop diuretics should not be administered during the ultrafiltration sessions, so as to minimize electrolyte abnormalities and further neurohormonal activation. 74 The efficacy of ultrafiltration has been assessed by several clinical trials. The multicentre randomized controlled study RAPID CHF (Relief for Acutely Fluid-Overloaded Patients with Decompensated Congestive Heart Failure) 75 compared a single 8-hour ultrafiltration intervention to usual care of 40 patients hospitalized with ADHF. Total fluid removal at 24 hours was greater with ultrafiltration than with the usual care, with a trend towards greater weight loss at 24 hours in the ultrafiltration group. 75 Ultrafiltration can be a potential treatment for patients with severe HF and WRF, decreased urine output despite escalating doses of diuretics or diuretic resistance. In the Ultrafiltration versus Intravenous Diuretics for patients Hospitalized for Acute Decompensated Heart Failure (UNLOAD) trial, patients with ADHF were randomly assigned to ultrafiltration with flows of up to 500 ml/h vs. standard i.v. diuretics. The ultrafiltration group showed a greater weight loss and water removal at 48 hours, although the changes in dyspnoea score did not differ and both groups improved. At a 3-month follow up, the rehospitalization rates and the duration of hospitalization were significantly lower in the ultrafiltration group. 76 The recent ULTRADISCO Study (Effects of ULTRAfiltration vs. DIureticS on clinical, biohumoral and haemodynamic variables in patients with deCOmpensated heart failure) showed that ultrafiltration promotes a greater clinical improvement compared with diuretic infusion, by ameliorating haemodynamics without a marked increase in aldosterone and NT-proBNP levels. 77 Finally, the ongoing Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) compares ultrafiltration vs. stepped pharmacological care and is expected to provide information and evidence for the management of WRF in patients with ADHF. 78 In summary, compared with the administration of i.v. diuretics with or without accompanying vasoactive therapy, ultrafiltration provides a quick and predictable removal of fluid that is free of induced electrolyte abnormalities and associated consequences. On the other hand, it may be related to high daily cost, the need for large vein access and closer patient supervision. 74 Table 2 summarizes potential benefits and risks of peripheral ultrafiltration application in ADHF patients.
Cardiocirculatory mechanical support. Extra-corporeal membrane oxygenation (ECMO) is instituted for the management of life-threatening pulmonary or cardiac failure (or both) when no other treatment has been successful. It can be deployed in a veno-arterial configuration for the treatment of cardiogenic shock and improvement of peripheral perfusion. It is used as temporary support, usually awaiting recovery of organs, or can be used as a bridge to a more permanent device (e.g. BiVAD) or cardiac transplantation. 79 There are no large-scale clinical trials about ECMO in cardiogenic shock and only case reports or small series of patients have been announced. Subjects with resistant cardiorenal failure are rarely candidates for advanced HF interventional therapies, such as cardiocirculatory mechanical support or heart transplantation, because of their high surgical risk and poor prognosis. However, there are mechanical interventions such as intra-aortic balloon pump (IABP) or other portable LV assist device implantations, which are used in low cardiac output states and contribute to the haemodynamic stabilization of these patients and, therefore, the preservation of renal function.
Pharmacological methods
Ularitide. Ularatide is a synthetic form of urodilatin, a member of the family of atrial natriuretic peptides. Urodilatin is synthesized in renal distal tubular cells and plays an important role in sodium and water excretion. Early studies in patients with HF have demonstrated favourable haemodynamic effects and possible increased diuresis and natriuresis with ularatide. 80 In SIRIUS I and SIRIUS II studies, three doses of ularatide were compared to placebo among patients hospitalized for AHF. Mitrovic et al. 81 showed that ularatide lowered cardiac filling pressures and improved dyspnoea without early deteriorating effects on renal performance in ADHF patients. Only 5% of patients in the active group presented hypotension. Large-scale clinical studies are required in order to evaluate ularatide's effects on symptomatic improvement and outcomes in ADHF. 81 Relaxin. Relaxin is a natural peptide that was first identified as a reproductive hormone. It has been shown to play a major role in the haemodynamic and renal adjustments that occur during pregnancy. The actions of relaxin include the production of NO, VEGF, matrix metalloproteinases, and inhibition of endothelin and angiotensin II. These actions promote systemic and renal vasodilatation and increased arterial compliance. 82 The recognition of these physiological properties of relaxin has led to its evaluation as a pharmacological agent for the treatment of AHF, which is characterized by vasoconstriction and vasomotor nephropathy. The Preliminary study of RELAX in Acute Heart Failure (Pre-RELAX-AHF) assessed the efficacy and safety of relaxin in patients hospitalized with AHF, mild to moderate renal insufficiency, signs of volume overload, and elevated plasma concentrations of BNP or NT-proBNP. Administration of relaxin showed a trend towards a potential improvement in persistent dyspnoea and prevention of worsening HF compared to placebo. 83 The most effective dose of relaxin (30 µg/kg/24 h) is being tested for its efficacy on dyspnoea relief and its intermediate-term outcomes in the ongoing phase III RELAX-AHF study. Relaxin might prove to be a novel pleiotropic vasodilator for the treatment of patients with AHF and preserved or elevated blood pressure. 84 Istaroxime, a luso-inotropic agent. Given the limitations of current inotropic drugs, several novel agents with inotropic action are under investigation for the treatment of ADHF, including istaroxime and cardiac myosin activators.
Istaroxime is a new i.v. agent with inotropic and lusitropic properties related to modulation of calcium cycling through inhibition of the N + -K + -ATPase and simultaneously activation of the sarcoplasmatic reticular calcium adenosine triphosphate isoform 2a (SERCA 2a). Preclinical studies and clinical trials indicate that combining N + -K + -ATPase inhibition and SERCA2a activation may increase myocardium contractility (inotropy) and facilitate active relaxation (lusitropy), improving both systolic and diastolic functions, without increasing heart rate and oxygen consumption. 85 HORIZON-HF is a randomized controlled trial that evaluated the short-term effects of istaroxime in patients hospitalized with AHF syndromes and left ventricular ejection fraction ≤35%. It demonstrated that istaroxime decreases pulmonary capillary wedge pressure, increases systolic blood pressure, and decreases diastolic stiffness. Nevertheless, istaroxime is far from a proven therapy at this stage and ongoing clinical trials will determine whether this agent lives up to its initial therapeutic promises. 86 Omecamtiv mecarbil, a cardiac myosin activator. Omecamtiv mecarbil is a small-molecule, selective cardiac myosin activator, which accelerates the transition of myosin into the force-generating state without affecting myocyte calcium homeostasis. Animal models and initial clinical studies have shown that omecamtiv mecarbil improves cardiac function by increasing the duration of ejection without changing the rates of contraction and without increasing oxygen consumption. 87 Teerlink is the chair of the executive committee for the ongoing randomized phase IIb trial, the Acute Treatment with Omecamtiv Mecarbil to increase Contractility-Acute Heart Failure (ATOMIC-AHF), which evaluates an i.v. formulation of this agent in AHF. However, phase III clinical trials are required before it becomes an established therapy.
Vasopressin antagonists. Arginine vasopressin (AVP) or antidiuretic hormone is secreted from the posterior pituitary gland in response to diminished arterial volume or hyperosmolality. It acts through three types of receptors: V 1A , V 1B , and V 2 . V 2 receptors are located in the distal renal tubules and the collecting duct and cause vasoconstriction and water reabsorption through aquaporin channels in the tubules. In HF, secretion of AVP may be enhanced due to low blood pressure or decreased arterial volume. Excess AVP can cause low serum sodium levels. Selective V 2 antagonists (vaptans), such as tolvaptan and conivaptan, can effectively induce aquaresis and increase the serum sodium in those that are hyponatraemic. 88 Some studies have reported a strong aquaretic effect without renal impairment, in patients with ADHF treated with tolvaptan. In the ACTIV trial (the Acute and Chronic Therapeutic Impact of a Vasopressin Antagonist trial), patients with AHF showed a greater reduction in body weight and urine output and a slight increase in serum sodium levels at 24 hours when treated with tolvaptan compared to those receiving placebo or standard therapy. 89 The much larger trial EVEREST (Efficacy of Vasopressin Antagonist in Heart Failure Outcome Study with Tolvaptan) showed that the early administration of vasopressin antagonists decreased mean body weight and improved dyspnoea. Nevertheless, the long-term outcomes did not differ between vasopressin antagonist and the placebo groups. These data suggest that vaptans when initiated in the context of ADHF can modify kidney response to water retention. But still they do not favourably influence remodelling of heart and kidneys and have no effect on long-term mortality. 90, 91 A recent study by Udelson et al. showed that tolvaptan monotherapy without concomitant furosemide therapy reduced body weight when compared to placebo, without adverse effects on serum electrolytes during a sodium-restricted diet. 92 Adenosine antagonists. Adenosine is produced in the renal tubules by the breakdown of ATP and ADP during the energy-requiring process of sodium excretion. In conditions such as HF, sodium excretion increases due to diuretic therapy and therefore adenosine concentrations rise, exert antinatriuretic properties, and serve as a regulator trying to restore the balance between energy supply and demand. The increased serum adenosine levels observed in HF can promote diuretic resistance and deterioration of renal function. When tubular glomerular filtration is impaired, adenosine is released and binds to type-A1 receptors causing constriction of the afferent arterioles. This deteriorates renal blood flow and GFR and enhances sodium reabsorption by the proximal tubules. A1 adenoside receptor antagonists are new promising agents that block adenosine type-A1 receptors, improve renal blood flow, facilitate diuresis, and increase sodium excretion. 28 The efficacy of adenosine A1 receptor antagonists in the management of patients with HF has not been established yet. The results of the first clinical studies seem to be quite controversial. Gottlieb et al. showed that the addition of BG9719 (A1 adenoside antagonist) to furosemide in patients with HF and volume overload, significantly increased diuresis and prevented a decline in kidney function. 26 On the other hand, the PROTECT study showed that rolofylline did not meet neither the primary efficacy endpoints (dyspnoea improvement) nor the secondary efficacy endpoints (death, cardiovascular or renal rehospitalization, persistent renal impairment), while the overall safety profiles of the placebo and rolofylline groups were similar (rolofylline was associated with higher incidence of seizure and a trend towards a higher incidence of stroke). 93 In addition, the REACH UP trial, a multicentre, randomized, double-blind, placebo-controlled study, did not demonstrate any clear benefit of rolofylline on clinical status or renal function in patients with ADHF and recent or acute WRF. Although there were fewer deaths or rehospitalizations at 60 days in the rolofylline-treated patients, the numbers were small and did not reach statistical significance. 94 Thus, further large-scale studies are required in order to evaluate their net effect on renal function and potential cardiovascular outcomes.
Conclusion
Volume overload is a major reason for hospital admission in patients with ADHF. Despite the substantial progress in both management and outcomes of patients with CHF, little has changed in the management and outcomes in ADHF. Diuretics alone or in combination with vasodilators or inotropes according to systolic blood pressure levels and peripheral perfusion status remains the cornerstone in the management of volume overload. In resistant cases, ultrafiltration can lead to effective removal of isotonic fluid preventing new episodes of acute decompensation. Because volume overload is the common clinical phenotype of a heterogenous group of conditions, it is of great importance to personalize therapeutic approach for each patient according to his/her symptoms, clinical presentation, haemodynamic status, and severity of the underlying disease. Finally, proper education of patients by primary care physicians and HF specialists providing instructions for daily weight measurements, regulation of fluid status, and dietary restrictions can prevent new episodes of volume overload and hospital admissions.
